Electron dephasing in homogeneous and inhomogeneous indium tin oxide thin films 
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The electron dephasing processes in two-dimensional homogeneous and inhomogeneous indium 
tin oxide thin films have been investigated in a wide temperature range 0.3-90 K. We found that 
the small-energy-transfer electron-electron (e-e) scattering process dominated the dephasing from 
a few K to several tens K. At higher temperatures, a crossover to the large-energy-transfer e- 
e scattering process was observed. Below about 1-2 K, the dephasing time revealed a very 
weak temperature dependence, which intriguingly scaled approximately with the inverse of the 
electron diffusion constant D, i.e., t^{T ~ 0.3K) oc 1/D. Theoretical implications of our results 
are discussed. The reason why the electron-phonon relaxation rate is negligibly weak in this low- 
carrier-concentration material is presented. 

PACS numbers: 72.15. Rn, 73.20.Fz, 73.23.-b, 72.15.Qm 



I. INTRODUCTION 

Indium tin oxide (Sn-dopcd In203_2; or so-called ITO) 
is an interesting and unique material for both funda- 
mental studies and technological applications. For ex- 
ample, good-quality ITO materials exhibit high visible 
transparencies and low electrical resistivities yi"— render- 
ing them being vifidely used in flat displays, solar cells, 
and resistive touch panes. On the fundamental side, 
ITO possesses an incomparable free-electron-like energy 
bandstructurCjii"— while having carrier concentrations (n) 
'--^ 2 to 3 orders of magnitude lower than those in typi- 
cal metalsji"— As a result, ITO reveals overall metal- 
lic behavior whose resistivity versus temperature {p-T) 
characteristic can be described by the standard Boltz- 
mann transport equation at not too low temperatures 
At low temperatures, quantum-interference corrections 
to the temperature dependence of p due to the weak- 
localization (WL) and electron-electron (e-e) interaction 
(EEI) effects are pronouncedi^i From studies of the WL 
magnetoresistance (MR), Ohyama and coworkers have 
measured the electron dephasing length L^p = Dt^ in 
two-dimensional (2D) thini^ and three-dimensional (3D) 
thicki^ homogeneous ITO films, where D is the electron 
diffusion constant, and Ttp is the electron dephasing time. 

Recently, Efetov and Tschersich^H and Beloborodov et 
ali^ have extensively studied the WL and EEI effects 
in granular, i.e., inhomogeneous metals in the regime 
where the dimensionless intergrain tunneling conduc- 
tance gx ~ Gx/i'^e'^/h) ^ 1, where Gt is the inter- 
grain tunneling conductance, and e'^/h is the quantum 
conductance. The two groups reached a similar conclu- 
sion and argued that the WL effect, which was originally 
formulated for a homogeneous system^iiii^ would be sup- 
pressed at temperatures T > T* = grS/kB, where S is 
the mean energy level spacing in the grain, and ks is 
the Boltzmann constant. (More precisely, the WL ef- 



fect would cross over from a global phenomenon to a 
local single-grain phenomenon.) At temperatures above 
the characteristic temperature T*, only the EEI effect 
was predicted to be of importance, which, in particular, 
would dominate the T dependences of both the longitu- 
dinal conductivity (1/p) and the Hall effect. Empirically, 
Ohyama et alM-'^ had previously found the WL MR in 
homogeneous ITO films to persist up to temperatures as 
high as 90 K. Thus, it would be of interest to test whether 
the WL effect can be observed in inhomogeneous (granu- 
lar) ITO ultrathin films at T > T*. Moreover, this issue 
is of timely relevance in the light of the recent interest in 
the electronic transport properties of nanostructured or 
nanoporous thin films F^iii^ 

In the present paper, we report our 2D WL MR mea- 
surements on two series of homogeneous and one series of 
inhomogeneous ITO thin films between 0.3 and 90 K. We 
found that the WL effect is pronounced in both types of 
structures and the electron dephasing is governed by the 
small- and large-energy-transfer e-e scattering processes 
at low and high measurement temperatures, respectively. 
Below about 1-2 K, depending on samples, the dephasing 
time became very weakly T dependent. We explain that 
the fact that the WL MR can be observed at relatively 
high T ~ 100 K is a direct manifestation of the weak 
electron-phonon (e-ph) relaxation in the low-n ITO ma- 
terial. We would like to mention that the homogeneous 
and inhomogeneous films can be distinguished by their 
temperature characteristics of the longitudinal resistivity. 
In homogeneous films, the low-T resistivity (p) increases 
with decreasing T as described by the conventional WL 
and EEI effects.— On the contrary, in inhomogeneous 
films, the low-T conductivity (l/p) reveals logarithm in 
T dependence as predicted by the recent theories of gran- 
ular metalsi^ii^ (see further discussion in Sec. III). 

This paper is organized as follows. Section II contains 
our experimental method. Section III includes our exper- 
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imental results and theoretical analysis on the WL MR 
and the electron dephasing (e-e scattering, "saturated" 
electron scattering, and e-ph scattering) processes. Our 
conclusion is given in Sec. IV. 

II. EXPERIMENT METHOD 

Two series of homogeneous ITO thin films were utilized 
in this study. The first series of films, with a composition 
of Ini.sosSno.iQsOa-a:, was 15 nm thick and supplied by 
the Ritek Corporation.— The second scries of films, with 
a composition of Ini.sasSno.iesOs-a;, was 21 nm thick 
and supplied by the Aimcore Technology Corporation's^ 
All films were fabricated by the rf sputtering method on 
glass substrates. The crystalline structure of the films 
was determined by the x-ray diffraction (XRD) measure- 
ment, and the film microstructure and morphology were 
examined by the scanning electron microscopy (SEM). 
Those studies indicated that the films were composed of 
relatively small and uniformly distributed grains with av- 
erage grain size of « 21 ±4 nm [Fig.[lja)]. The study also 
revealed that our films were polycrystalline, rather than 
amorphousi^ In order to adjust the level of disorder for 
the WL MR, and thus r^, studies, some of the films were 
thermally treated, as explicitly indicated in Table l^L^ 
(The samples nl to n4 stand for a series of as-prepared 
films, while the samples Al to A6 stand for a series of 
thermally annealed films.) In Refs. [U and [22], it had 
been experimentally demonstrated by some of the au- 
thors that these ITO thin films revealed free-carrier-like 
electronic transport properties. In particular, the elec- 
tronic parameters, such as the Fermi energy Ep and the 
elastic mean free path / (mean free time Te), have been 
reliably extracted. 




FIG. 1. (a) An SEM image of the homogeneous n2 film (taken 
from Ref. [U, see Table IJ), and (b) an SEM image of the 
inhomogeneous No. 6 film (see Table lll| . 

Our inhomogeneous, granular ITO ultrathin films, 
which had an approximate Sn composition (w 
Ini.gSno. 203-2;) slightly higher than those of ho- 
mogeneous films, were also grown by the rf sputtering 
method on glass substrates. During the deposition 
process, the mean film thickness t, together with the 
substrate temperature Tg, was varied to tune the level of 
granularity as well as the intergrain tunneling conductiv- 
ity gT in each film. The details of the sample fabrication 
and characterizations had been described in Ref. by 
some of the authors. The SEM studies revealed that 



our thinnest (5.4 nm) films were porous and possessed 
notable granular characteristics [Fig.[TJb)]. On the other 
hand, there did not exist in the SEM images a clear-cut 
distinction in the morphologies of our thicker (> 9 nm) 
inhomogeneous films from those of our homogeneous 
ones. Thus, in this work, we shall adopt the overall 
1 / p—T behavior as a criterion to discriminate the 
homogeneous from the inhomogeneous ITO films (see 
Sec. III). Furthermore, it should be stressed that this 
scries of inhomogeneous films, though being granular, 
still fell deep in the metallic regime, i.e., they had values 
of ST > 1. In Ref. d, we have experimentally confirmed 
that the longitudinal conductivity and Hall effect are 
governed by the EEI effect at temperatures T > T* , 
as recently predicted by Efetov and Tschersich,— and 
Bcloborodov and coworkersJ^ The relevant parameters 
of our homogeneous and inhomogeneous samples studied 
in this work arc listed in Tables I and II, respectively. 
(Remind that our inhomogeneous films are taken from 
Ref. 9 and the sample names are kept unchanged in 
order to facilitate possible cross-referencing.) 

The low-magnetic-field MR was measured by using 
the standard four-probe technique. For the homoge- 
neous films, the samples (typically, ~ 7 mm long and 
w 2 mm wide) were mounted on the sample holder of 
an Oxford Instrument Heliox '^He cryostat, which was 
equipped with a 4-T superconducting magnet. The tem- 
perature was monitored with calibrated RUO2 and Ccr- 
nox thermometers. A Linear Research LR-700 resistance 
bridge with an exciting current of 0.1 fiA was employed 
to avoid Joule heating. In the case of the inhomogeneous 
films (typically, « 1 cm long and sa 1.5 mm wide), the 
low temperature environment was provided by a physi- 
cal property measurement system (PPMS, Quantum De- 
sign). Both the current source and the voltmeter were 
provided by the model 6000 PPMS controller. The mea- 
suring power limit was set to be 1 /iW. The PPMS was 
equipped with a 9-T superconducting magnet. In all the 
MR measurements carried out in this work, the magnetic 
fields were applied perpendicular to the film plane. 



III. RESULTS AND DISCUSSION 

Before presenting our WL MR and r<p results, we elabo- 
rate on the meaning of homogeneous and inhomogeneous 
films in terms of their low-temperature conductivity ver- 
sus temperature (1/p-T) behavior. (The SEM studies of 
the film microstructure and morphology were discussed 
in Sec. II.) In the case of "homogeneous" ITO thin 
films, the low-T resistivity increases with decreasing T 
and can be well explained within the framework of the 
conventional WL and EEI effects, as previously shown 
by Ohyama et al.r^i^ and Lin and coworkers On 
the contrary, in the case of "inhomogeneous" ITO ultra- 
thin films, the low-T conductivity obeys a 1/p cx InT law 
over a wide temperature interval from T* (« 2-3 K) up to 
several tens K. as recently experimentally established by 
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TABLE I. Sample parameters for two series of homogeneous ITO thin films. Films nl to n4 are as-prepared, while films Al 
to A6 are thermally treated, t is the film thickness, Ta is the thermal annealing temperature, "Gas" is the gas applied during 
thermal annealing, i?n is the sheet resistance, Ef is the Fermi energy, n is the carrier concentration, and D is the electron 
diffusion constant. l/r°, and A^^ are defined in Eq. (^4^)*'' and {A^^y^ are the corresponding theoretical values of 
and AeE calculated according to Eqs. (|2a|l and ()2b|) . respectively. The thermal annealing time was 1 h. The values of Ef 
and n were taken from Ref. [22. 



Film 


t 

(nm) 


Ta 

(°C) 


Gas 


i?n(10K) 


Ef 
(eV) 


?i(10K) 
(10^0 cm-3) 


i3(10K) 
(cm^/s) 


(10^ s-i) 


^ee 

(K-i s-i) 




(K-i s-i) 


/ A \th 
(Aee) 


nl 


15 






574 


0.56 


4.8 


5.7 


3.1 


3.3x10^^ 


wQxlO'^ 


9.1x10"' 


3.2x10'' 


n2 


15 






460 


0.62 


5.6 


6.8 


3.0 


2.8x10^ 


«2xl0'^ 


7.8x10" 


2.9 xlO'^ 


n3 


15 






477 


0.52 


4.3 


7.1 


3.3 


3.0x10^ 


RilxlO^ 


8.0x10" 


3.4x10'' 


n4 


21 






100 


0.74 


7.1 


20 


11 


2.8x10* 


Ri2xl0^ 


2.5x10" 


2.4x10^^ 


Al 


15 


300 


Ar 


695 


0.48 


3.8 


5.1 


2.2 


3.4x10'' 


Ri6xl0'' 


1.0x10'" 


3.7x10' 


A2 


15 


500 


Ar 


712 


0.40 


2.7 


8.2 


1.6 


3.6x10^ 


R^gxlO"^ 


1.0x10'" 


4.4x10^ 


A3 


15 


550 


Ar 


813 


0.37 


2.6 


4.9 


0.93 


4.1x10^ 


«9xl0^ 


1.1x10'" 


4.8x10^ 


A4 


21 


400 


O2 


500 


0.29 


1.9 


6.2 


1.8 


3.5x10^ 


RilxlO^ 


8.2x10" 


6.0x10'' 


A5 


21 


450 


O2 


431 


0.28 


1.6 


7.8 


2.2 


3.5x10^ 


Ri2xl0^ 


7.4x10" 


6.6x10'^ 


A6 


21 


450 


Air 


294 


0.34 


2.3 


10 


2.4 


1.6x10" 


RilxlO^ 


5.6x10" 


5.1x10'' 



Zhang and some of the authorspS, It should be emphasized 
that this logarithmic 1/p oc In T law,— li^i^i which holds 
in the presence of granularity and at T > T*, is physically 
distinct from that predicted by the conventional 2D WL 
and EEI cffccts i^^'^^ For instance, this newly found l/p oc 
InT law in granular metals is independent of sample di- 
mensionality and insensitive to magnetic field.— These 
two kinds of different 1/p-T characteristics apply well to 
discriminate the homogeneous and inhomogeneous ITO 
films whose WL MR were studied in this work. 



A. Homogeneous ITO thin films 

We first discuss the WL MR and dephasing time 
in homogeneous thin films. Figure [2] shows the mea- 
sured normalized MR, ARa{B)/[Ra{0)]^ = [Ra{B) - 
-Rn(0)]/[-Rn(0)]^, as a function of magnetic field B at 
several temperatures for the two homogeneous A4 and 
n2 thin films, as indicated. Here R\j ~ i?n(r, i?) is the 
sheet resistance. This figure indicates that the MR is neg- 
ative at all temperatures down to 0.3 K, suggesting that 
the spin-orbit scattering is comparatively weak in ITO.— 
(A lower bound of the spin-orbit scattering length/time 
is estimated below.) On the other hand, the WL MR 
persists up to above 50 K. The solid curves in Fig. [2] are 
the least-squares fits to the 2D WL theory calculated by 
Hikami et a/.>^"^ 



ARgjB) ^ ^ 
[i?n(0)]2 27r2n 



B 2^\2 B 2^\2 B \B 



2 \ B 2 \ B 



(1) 



where ip is the digamma function, and the characteristic 
fields Bi = B^ + fiso + ^Bo, B2 = Bi + |Bso + ^^o, and 
Bip = Bi + Bq. The characteristic field Bj is related to 
the characteristic scattering time Tj through the relation 
Bj = fi/ (4eDTj), where j = e (elastic scattering time), so 
(spin-orbit scattering time) , i (inelastic scattering time) , 
and ("saturated" dephasing time as T — >■ K). 2TTh 
is the Plank constant, e is the electronic charge, and D 
is the electron diffusion constantjS^ Physically, Eq. ([T]) 
describes how the coherent back-scattering of the elec- 
tronic time-reversal closed paths in the plane of the film 
is destroyed by an externally applied small perpendicular 



I 

magnetic field B > B^{T), leading to the suppression of 
the WL effect Inspection of Fig. [5] illustrates that our 
measured MR can be well described by the predictions 
of this equation. 

Figure |3] plots our extracted electron dephasing rate 
\/t^p as a function of temperature for two as-prepared 
and two thermally treated homogeneous ITO thin films, 
as indicated. Since our films are 2D with regard to the 
WL effect (see below for further justification), the re- 
sponsible dephasing rate is expected to be governed by 
the e-e scattering processes in a significantly wide T inter- 
val at low temperatures. Theoretically, the e-e scattering 
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FIG. 2. (color online) Normalized magnetoresistance 
A_Rn(_B)/[i?n(0)]^ as a function of magnetic field at several 
temperatures for the homogeneous A4 and n2 thin films, as 
indicated. The magnetic field was applied perpendicular to 
the film plane. The solid curves are the least-squares fits to 
Eq. Q. 



0.1 1 10 100 

r(K) 

FIG. 3. (Color online) Electron dephasing rate as a 

function of temperature for two as-prepared (n2 and n3) and 
two thermally treated (Al and A3) homogeneous ITO thin 
films. The solid curves are the least-squares fits to Eq. ((3)1. 
For clarity, the data for the n3, A3, and Al films have been 
shifted up by multiplying a factor of 2, 4, and 8, respectively. 



rate from the singlet channel has been calculated by Alt- 
shuler et al.^ and Fukuyama and Abrahams)^ and is 
given hy^"— 

_._flo,,ri„(-5^), T<— (2.) 
± = i:tt2l)!,„fj£L). T>^ (2b) 

Tee 2 hEp yksT J ksTe 

Equations (Pa|) and (|2b|) stands for the small- and large- 
energy-transfcr e-e scattering processes, respectively. 
Equation (Pa|) is conventionally referred to as the Nyquist 
quasielastic e-e scattering rate, which often dominates in 
reduced dimensional systems at liquid-helium tempera- 
tures. At higher T, the second term may be experimen- 
tally observed if the e-ph relaxation rate is comparatively 
weaki^i^ (The problem of e-ph scattering in a low-n 
metal is to be discussed in Sec. Ill E.) 

Recently, in addition to the contribution from the sin- 
glet channel to the e-e dephasing rate, Eqs. pa| and 
(j2b|) . the contribution from the triplet channel has been 
calculated by Narozhny and coworkers In the case of 
the small-energy-transfer process, Narozhny et al. found 
that the triplet channel makes a contribution a factor 
of 3(i^o^)V[(l + F^){2 + F^)] smaller than the singlet- 
channel term, Eq. (j2ap . where Fq is a Fermi- liquid 
screening parameter. Since the screening parameter is 
small {F^ < 0.2) in the ITO films^i2^ this contribution 
is minor and comprises only < 5% of the total Nyquist de- 
phasing rate. Similarly, the triplet channel makes a con- 
tribution a factor of 3(^0^)^/(1 4- Fgf smaller than the 
rate Eq. (j2bp to the large-energy-transfer process, which 
is also a small factor. Therefore, the triplet-channel cor- 
rections to 1/Tee calculated by Narozhny et al^ can be 
safely ignored in the present work. 



In Fig. [21 our measured (the symbols) was least- 
squares fitted (the solid curves) to the following equation 

_L_.^,<^ + ,4„TM„(^). ,3, 

where the first, second, and third terms on the right side 
stand for the "saturation" term^^"— the small-encrgy- 
transfer term [Eq. (Pa)) ], and the large-energy-transfer 
term [Eq. (pb| ]. respectively. (The weakly temperature 
dependent or "saturated" term l/r° will be discussed 
in Sec. Ill D.) Our fitted values of 1/t°, and A^e 
are listed in Table I. This Table also lists the theoreti- 
cal values of (^^)*'' and {A^eY^ calculated according to 
Eqs. ([2a|) and (j2bp . respectively, for each film. Inspec- 
tion of Table I indicates that our experimental values 
of A^^ [Aee) are within a factor of ~ 3 (~^ 5) of the 
theoretical values. This level of agreement is considered 
satisfactory!^ 

We note in passing that our extracted electron dephas- 
ing length decreases from ~ 500 nm at 0.3 K to 
^ 45 nm at 60 K in all films, justifying that our sam- 
ples possess strong 2D characteristics with regard to the 
WL effect. This information, in turn, suggests that the 
spin-orbit scattering length is Lgo ~ VDtso > 500 nm in 
our ITO films, corresponding to a spin-orbit scattering 
time Tso > 250 ps for a film with a diffusivity Z? w 10 
cm^/s. Similarly, a very weak spin-orbit coupling has 
recently been found in polycrystalline In203_a; films^ 
(where Lgo ^ 2.8 /xm) as well as polycrystalline Sn02 
films4i (In the latter case, the spin-orbit scattering rate 
was too weak to be experimentally extracted.) The rea- 
son why I/tso is negligibly weak in these materials, which 
contain relatively heavy In and Sn atoms, deserves a the- 
oretical explanation. 



5 



TABLE II. Sample parameters for inhomogeneous ITO ultrathin films, t is the mean film thickness, Ts is substrate temperature 
during deposition, Rq is the sheet resistance, Ep is the Fermi energy, n is the carrier concentration, and D is the electron 
diffusion constant. l/r°, A^^, and Aee are defined in Eq. ((3)1. {A^^y^ and (AeeY^ are the corresponding theoretical values of 
and Ag-e calculated according to Eqs. (|2a|l and (|2b|l . respectively. The values of Ep and n were taken from Ref. |^. Note 
that the l/r° values were extrapolated and only approximate. 



Film 


t 

(nm) 


Ts 
(°C) 


i?n(10K) 
(Q) 


Ep 
(cV) 


n(lOK) 
(10^" cm-^*) 


D(IOK) 
(cmVs) 


1/-^ 
(lO** s-i) 


(K- S-) 




(K- S-) 


(K-2 s-1 


No.l 


9.7 


340 


339 


0.97 


11 


11 


~9 


2.4x10" 


falxlO' 


6.2x10" 


1.8x10' 


No. 2 


9.2 


360 


322 


0.91 


10 


13 


~7 


2.8x10'-* 


fslxlO^ 


6.0x10" 


i.gxio'^ 


No. 3 


11.3 


380 


218 


0.97 


11 


15 


~7 


1.8x10'' 


RilXlO^ 


4.5x10" 


1.8x10^^ 


No. 4 


13.4 


400 


160 


1.03 


12 


17 


~6 


1.3x10** 


«lxl0^ 


3.6x10" 


1.7x10^^ 


No. 5 


7.6 


380 


687 


0.74 


7.3 


8.1 


~8 


4.0x10^ 


wgxio'^ 


1.0x10^° 


2.4x10^^ 


No. 6 


5.4 


380 


1780 


0.63 


5.8 


4.8 


~10 


8.6x10** 


«8xl0'^ 


1.8x10^° 


2.8x10^^ 



1 1 


1 


1 1 


1 








!=a5&-70K 
















i^^30K 








20 K- 








lOK 




5/^^30 K 












6.0 K 




20 K 








10 K 




2.0 K 




6.0 K . 






No. 4 


2.0 K 


No. 5 




0.0 0.1 


0.2 


0.0 0.1 


0.2 
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FIG. 4. (color online) Normalized magnetoresistance 
Ai?n(_B)/[i?n(0)]^ as a function of magnetic field at several 
temperatures for the inhomogeneous Nos. 4 and 5 ultrathin 
films, as indicated. The magnetic field was applied perpendic- 
ular to the film plane. The solid curves are the least-squares 
fits to Eq. ©. 



B. Inhomogeneous ITO ultrathin films 

As mentioned, recent theories of "granular metals" 
(i.e., granular systems with intergrain conductivity gx 3> 
1) proposed that the usual WL effect, which was orig- 
inally formulated for homogeneous systems, should be 
suppressed at temperatures T > T* in the presence of 
granularity ji^ii^ Empirically, it has previously been found 
that the WL MR in homogeneous ITO films persisted up 
to several tens degrees of KJ^^ In this work, we have 
measured the low-field MR in a series of granular ITO 
ultrathin films and compared our results with the WL 
theoretical predictions, Eq. ([T]). 

Figure |4] shows our measured normalized MR 
ARu{B)/[R]j{0)]'^ as a function of perpendicular mag- 
netic field for the two Nos. 4 and 5 films at several tem- 
peratures, as indicated. It should be noted that the char- 



acteristic temperature is known to be T* = grS/kB ~ 
2-3 K in our granular ITO ultrathin films (see Ref. @). 
Figure [5] indicates that the measured MR (the symbols) 
can essentially be described by the 2D WL theoretical 
predictions of Eq. ([T]) (the solid curves). However, close 
inspection reveals that Eq. ([T]) is valid only to a narrower 
magnetic field range (< 0.1 T at 2 K, for instant), as 
compared with that (< 0.2 T at 2 K) in the homoge- 
neous thin films. Hence, the WL effect, as evidenced in 
the MR, is not suppressed by the presence of granularity 
even at T 3> T* . This result suggests that the quantum- 
interference WL effect must cross over fairly smoothly 
from a global phenomenon to a local single-grain phe- 
nomenon as L:p progressively decreases with increasing 
T. This smooth crossover can be ascribed to a relatively 
long e-ph relaxation time in this particular low-n ma- 
terial (see further discussion in Sec. HI E). As a con- 
sequence of the weak e-ph relaxation, the Nyquist term 
A^^T dominates l/r^, and thus varies approximately 
with 1 / VT up to comparatively high T. Therefore, the 
WL MR in ITO can still be seen at nearly 100 K, a tem- 
perature that is much higher than what could be realized 
in most normal-metal films4^ (In typical metals, the e-ph 
relaxation usually dominates l/r^p already at a few de- 
grees of K,— li^i^ causing a much stronger temperature 
dependent oc 1/TP law, with p ~ 1,^2*44,145) 

Figure [5] shows the extracted l/r^p as a function of 
temperature for three representative inhomogeneous ITO 
ultrathin films, as indicated. One may see that the mag- 
nitudes of 1 /t^ in this case are comparable to those mea- 
sured in the homogeneous thin films (Fig. The solid 
curves in Fig. [S] arc the least-squares fits to Eq. ^ , and 
the values of the adjustable parameters l/r°, A^^, and 
Aee, together with the corresponding theoretical values 
(A^eY'' and (Aee)*'*, are listed in Table [Hi We find that 
the values of Af^ and (A^)*'' agree to within a factor 
of ~ 3 or smaller. Also, the values of Aee and (Aee)*'* 
are comparable to each other. Thus, both the small- and 
large-cnergy-transfer e-e scattering processes govern the 
dephasing in inhomogeneous ITO ultrathin films up to a 
very high T - 90 K. 



6 




1 10 100 

r(K) 



FIG. 5. (Color online) Electron dephasing rate l/r^ as a 
function of temperature for three inhomogeneous ITO ultra- 
thin films, as indicated. The symbols are the experimental 
data, and the solid curves are the least-squares fits to Eq. 
For clarity, the data for the Nos. 3 and 5 films have been 
shifted up by multiplying a factor of 2 and 4, respectively. 
Inset: variation of with T for the No. 6 film plotted in 
double-linear scales. The straight solid line is a guide to the 
eye. 

The inset of Fig. [S] indicates that varies essentially 
linearly in a wide T range from 2 to '--^ 65 K in the No. 6 
film. This approximate linearity manifests the fact that 
the small-energy-transfer process [the second term on the 
right-hand side of Eq. plays a particularly important 
role in this sample, ovifing to the high Ru value (~ 1780 
ri) of this film. 

C. Disorder dependence of small-energy-transfer 
electron-electron scattering rate 

Figure [HI shows a plot of the variation of our extracted 
A^^ values with i?^ ln[7rft/(e^i?g)] for both the homo- 
geneous (closed squares) and the inhomogeneous (open 
squares) ITO thin films. According to Eq. (Pa)), along 
with the linear T temperature dependence, the small- 
energy-transfer e-e scattering strength A^^ should vary 
linearly with the disorder factor i?Q ln[7rfi,/(e^i?n)]- This 
linearity is indeed seen in Fig. [51 although our data points 
scatter somewhat. It is worth noting that Fig. |6] includes 
data points from the 15-nm-thick and 21-nm-thick homo- 
geneous, and the inhomogeneous ITO films, which were 
obtained from different sources, as described in Sec. II. 
This result provides a convincing experimental evidence 
that the Nyquist quasielastic e-e scattering process is ro- 
bust in ITO thin films in a wide T interval from a few K 
up to several tens degrees of K. This linear law is genuine, 
especially considering that the value of !?□ of a particular 
ITO film depends sensitively on the concentration of Sn 
dopants, the deposition conditions, and (where applied) 
the thermal treatment conditions. 
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FIG. 6. (Color online) Extracted small-energy-transfer e-e 
scattering strength A^^ as a function of Ruln[Trh/{e'^ Ru)] 
for homogeneous (closed symbols) and inhomogeneous (open 
symbols) ITO thin films. The straight solid line is a guide to 
the eye. 



D. Disorder dependence of "saturated" electron 
dephasing rate 

We note that our extracted values for both ho- 
mogeneous and inhomogeneous ITO films had to be com- 
pared with Eq. (jSj which contains a "constant" term 
1 /t^. This implies the existence of a very weakly temper- 
ature dependent or "saturated" dephasing time as T — >• 
K. Figure [7] plots the variation of our extracted values of 
T° with the electron diffusion constant D for the homoge- 
neous ITO thin films.— >^ Surprisingly, this figure illus- 
trates that our extracted value varies approximately 
with the inverse oi D, as is indicated by the straight solid 
line which is drawn proportional to 1/D and is a guide 
to the eye. Previously, Lin and coworkers^2ii£ have re- 
ported an observation of a r° oc 1/D" law. with a close 
to or slightly larger than 1, in numerous highly disordered 
polycrystalline metals and alloys. This unexpected and 
seemingly counter-intuitive disorder dependence of is 
not yet fully understood. Several distinct theories aim- 
ing in addressing this sophisticated problem, while with- 
out invoking a magnetic origin, have recently been for- 
mulated by, among others, Zawadowski et al.^ Imry et 
al-r^ Galperin et al.^^ Golubev and Zaikin^ Dora and 
Gulasci)^ Rotter and coworkersr^ and Chang and Wui^ 
In particular, Imry et al^ have proposed that a very 
weakly temperature dependent dephasing rate in some 
T interval at low temperatures can arise from specific 
structural defects in the samples. Indeed, experimental 
observations of a finite sensitively associated with met- 
allurgical properties have been reported on a good num- 
ber of as-prepared^ as well as thermally treated metal 
films.— Furthermore, Galperin, Kozub and Vinokur— 
have considered a dephasing model based on tunneling 
states of dynamical structural defects. They found, un- 
der certain conditions, a temperature insensitive dcphas- 
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ing time which obeys an approximate r^p oc 1/D law. In 
this context, we note that two-level tunneling systems as- 
sociated with oxygen nonstoichiometries can very likely 
exist in the ITO material;^ and hence be responsible for 
our observed finite 1/t°. 



experimental investigations. We also would like to point 
out that Zaikin and coworkers^ have theoretically pro- 
posed an e-e interaction induced t° oc law, with 
a K, 1.5—2, for highly disordered metals and alloys hav- 
ing D values smaller than ~ 10 cm^/s. 
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E. Estimate of electron-phonon relaxation rate in 
the ITO material 



It is worth examining whether the e-ph scattering in 
ITO might be important and make a contribution to a 
(nominal) temperature dependence in l/r;^, which we 
observed at a few tens K, as described above. An e-ph re- 
laxation rate obeying a law is well established for both 
the dirty limit {qxl < 1)^ and the quasi-ballistic limit 
{qtI > where qt is the wave number of a thermal 
phonon, and I is the electron mean free path. Theoreti- 
cally, the electron scattering by transverse vibrations of 
defects and impurities dominates the e-ph relaxation in 
both regimes. In the qxl > 1 limit (which is pertinent 
to the present studyS^), the relaxation rate, l/rg-tph, is 
given by^H 



1 



Te-t,ph {PFUt){pFl) 



(4) 



FIG. 7. (Color online) Variation of r° = r^(r OK) with 
electron diffusion constant for the homogeneous ITO thin 
films (open squares) listed in Table I. The two closed circles 
were obtained from two 250-nm-thick ITO films (Ref. [6ll ). 
The straight solid line is drawn proportional to 1/D and is 
a guide to the eye. The straight dashed line is taken from 
Refs. and |4^, which indicates the experimental value 
for typical polycrystalline metals and alloys. 

We would like to note that, for a given D value, the 
magnitude for ITO films shown in Fig. [7] is more than 1 
order of magnitude longer than the corresponding value 
(indicated by the straight dashed line) reported in Refs. 
|48| and|4^ by Lin and coworkers. For example, for a diffu- 
sion constant D ~ 5 cm^/s, our experimental values are 
r° ~ 500 ps in ITO and ~ 15 ps in polycrystalline metals. 
Microscopically, it would be of great interest and impor- 
tance to examine whether a longer t° could originate 
from a reduced Fermi energy Ep (or, equivalently, a low 
electron concentration^) within the theoretical frame- 
works of Imry et al.^ and Galperin et al^ aforemen- 
tioned. [Check, for instance, Eqs. (4) to (6) in Ref. [H] wher^l/rO and A^^ have similar meaning to that in 
For comparison, Ep < 1 eV in the ITO material (Tables 
I and II) while Ep > a few eV in typical metalsi^ 

Furthermore, we argue that our results shown in Fig. [7] 
can by no means be ascribed to the magnetic spin- 



where l3t ~ {^Ep)'^N{Ep)/{2pmUf) is a coupling con- 
stant, is the Fermi momentum, ut is the transverse 
sound velocity, N{Ep) is the electronic density of states 
at the Fermi level, and pm is the mass density. Note that 
Eq. (|4]) predicts a relaxation rate which is proportional 
to the carrier concentration Since ITO has n values 
which are 2 to 3 orders of magnitude lower than those 
in typical metals^^rJ^ we expect this l/Te-t,ph rate to be 
extremely weak. 

We may check the possible role of this e-ph dephasing 
term by comparing our measured (Figs. |3] and [5]) 

with the following equation 



1 



(5) 



Eq. (j3|), and A is an adjustable parameter which pre- 
sumably specifies the e-ph scattering strength given in 
Eq. Q. As may be expected, our measured I/t^ 



spm scattcrmg 



62-64 



because our samples were obtained 



from different suppliers and thermally treated in differ- 
ent manners, as described in Sec. II. It is hard to con- 
ceive that the empirical dependence oc 1/-D, which 
has also been found in numerous polycrystalline met- 
als and alloys as well as in a series of poly- 
crystalline In203_a; thick films,— could have incidentally 
arisen from random contamination of dilute paramag- 
netic impurities. This subtle issue concerning a nonmag- 
netic dephasing origin calls for further theoretical and 



each film could be reasonably described by Eq. ([S]) (not 
shown), with an average fitted value of i - 5 x 10^ K^^ 
s-i. 

The theoretical magnitude of Eq. (|4]) can be fairly reli- 
ably evaluated for our ITO films, because ITO possesses 
a unique free-carrier-like bandstructure and the Ep value 
in each film (see Tables I and II) has been directly mea- 
sured through the electronic diffusive thermopowerj^^ 
Substituting Ut « 2400 m/s, p,„ w 7100 kg/m^ (Ref. 
[toI ). and the relevant electronic parameters into Eq. 
we obtain a typical e-ph relaxation rate of « 3 x 10^ 
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s~^. This relaxation rate is about 20 times smaller than 
our fitted AT^ value. Therefore, the e-ph scattering pro- 
cess, Eq. ([4]), cannot play any significant role in causing 
the electron dephasing in this work. In this context, pre- 
vious studies of in polycrystalline In203_2, films^iii 
[where n « (5—9) xlO^^ cm^"^] revealed no signature of 
e-ph relaxation up to a relatively high T w 50 K. In 
addition, a recent measurement on polycrystalline Sn02 
films^ (where n ~ 5 x 10^^ cm~'^) found that the small- 
energy-transfer e-e scattering dominated up to at 
least 10 K (no data were reported for higher tempera- 
tures). These results are supportive of our assertion in 
the present work that the e-ph relaxation is extremely 
weak in low-n conductors. 

For comparison, we have previously extracted a much 
higher value of l/re-t.ph ~ 5 x 10^ s~^ in the typical 
alloy AuPd.^ In short, the fact that the WL MR can 
be measured up to nearly 100 K in ITO is a direct man- 
ifestation of the relatively weak e-ph scattering in this 
particular Iow-ti materiali^ 

IV. CONCLUSION 

We have extracted the electron dephasing time in ho- 
mogeneous and inhomogeneous indium tin oxide thin 
films from the two-dimensional weak-localization mag- 



netoresistance studies. We found that the dephasing 
rate was governed by the small-energy-transfer electron- 
electron scattering process at low temperatures, crossing 
over to the large-energy-transfer electron-electron scat- 
tering process at several tens K. The reason why the in- 
elastic electron-plionon relaxation is negligibly weak was 
explained. At our lowest measurement temperatures, a 
very weak temperature dependent or "saturated" dephas- 
ing time, which scaled with the inverse of the diffusion 
constant, was observed. This saturated term may result 
from electron coupling with specific dynamical structural 
defects. 
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